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ABSTRACT

DESIGNING AND TESTING A COST EFFECTIVE DEVICE FOR THE HARVEST OF
WHITE WORMS
by
Andrew Pompeo
University of New Hampshire, December 2017

Rising global populations are causing a food crisis that can only be solved with novel,
sustainable methods of food production. Many countries, including the United States, are
increasing their aquaculture production to meet the appetites of an increasing population.
Alternative feeds for aquaculture are necessary to reduce the pressure on overfished forage fish
species and create low cost feeds. White worms are an effective, sustainable live feed for several
fish species and cost very little to cultivate. However, for white worms to be a competitive
alternative feed, they need to be harvested from the soil in which they are cultivated in a more
cost-effective manner. Therefore, taking into account past methods for worm harvesting that use
heat as the driving force, the goal of this study was to design a white worm harvester that would
yield the maximum amount of worms from the soil in the least amount of time with the least
amount of effort. Literature on current and historic worm cultivation and harvesting was
reviewed, and the temperature distribution within soil was measured to determine the harvester
dimensions. A harvester prototype was constructed and evaluated to improve upon previous

vii

UNH harvesting methods which produced inconsistent amounts of worms at inconsistent time
intervals. The harvester prototype with temperature control yielded an average of 81% (± 5%
standard error) of the white worms in the soil within 135 minutes. The harvester prototype is
scalable and could be increased inexpensively for commercial white worm operations.
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CHAPTER ONE
WHITE WORM OVERVIEW
The United States ranks second, only to China, in total amount of seafood consumed by country
in 2015 (NMFS 2015). The United States imports 91% of the seafood it consumes, and half of
this seafood is produced from aquaculture in other countries (NMFS 2015). Fish meal is the
primary feed used in aquaculture, which is composed of forage fish such as anchovies, herring,
and mackerel. These populations of forage fish are being overfished and continued harvest of
forage fish will only bring these populations closer to collapse (Fisheries Industry Division,
1986). White worms offer a solution as an alternative feed. White worms can be used, either live
or processed, as a complimentary feed to fish meal. With less fish meal needed for aquaculture,
wild fisheries could have a chance to rebuild. White worms, along with other alternative feeds,
could provide a cost-effective feed for aquaculture but would need to be cultivated and harvested
on a larger scale than currently exists.

1

I.1 White Worms
Enchytraeus albidus, or white worms, are a well known oligochaete, often found in pots of
indoor plants, and found naturally in various types of soil throughout fresh, brackish, and salt
water. They have a white, cream color and are long and slender, growing to 2-4 cm in length and
no more than a few millimeters in diameter (Ivleva 1973) (Figure 1).

Figure 1. A white worm is shown on the surface of a decaying log (Image from aquavitro.org).

Ivleva (1973) provides detailed information about white worm biology. From Ivleva’s (1973)
study, it is clear that white worms are a fast growing and fecund species. Young worms produce
a cocoon every two days which contain 9-10 eggs. Older worms, aged 5-6 months, produce a
cocoon every 7.5 days on average usually containing 20-25 eggs. Some worms can produce as
many as 35 eggs in one cocoon. A single worm can produce about 1000 eggs over its entire
lifespan of about 8-9 months. The average number of eggs per cocoon in a production culture
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does not exceed 10. A production culture includes worms of all life stages. The eggs from a
worm regardless of life stage have a 93-95% success rate.
Once hatched, maximum growth of white worms lasts about 21-22 days, until the worms reach
sexual maturity (Ivleva 1973). At this point, the worms are about 1.5-2cm long and weigh 58.5mg, which is about 50-77% of their maximum attainable mass. After the first 21-22 days, the
growth rate drops dramatically. It takes about an additional 75 days for a worm to reach its
maximum attainable mass of about 11mg. About 50% of the worms tested by Ivleva (1973)
survived for 200 days.
Ivleva (1973) documents that white worms can live in a wide range of temperatures. Worms
have been cultivated successfully in temperatures between 8-25oC and can even live in
temperatures as low as 0oC, however, at this low of a temperature, mature worms cease to
reproduce and juvenile worms fail to reach sexual maturity. Once the temperature rises to just
1.5oC, mature worms start to lay cocoons and newly hatched juveniles take 138 days to mature.
The optimal temperature for maximum growth and reproduction is within 15-21oC.
Temperatures between 22-25oC do not greatly affect growth or reproduction, although,
temperatures over 27oC will start to kill many worms. If the soil were to reach 27 oC or higher
worms would flee the soil en masse, to find cooler temperatures. Ivleva (1973) documents that
the worms have preferred temperature range of 12-22 oC (Figure 2).
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Figure 2. (Graphs A and C) The incomplete (Graph A) and complete (Graph C) mass distribution of worms in the
presence of a temperature gradient. The horizontal lines at 1.5g and 4g represent the initial uniform mass
distribution of the worms throughout the temperature gradient. The areas shaded above and below the horizontal line
represent the mass of worms that was gained and lost, respectively. (Graphs B and D) The incomplete (Graph B) and
complete (Graph D) mass distribution of worms in the presence of a temperature gradient. The red lines on Graph D
show the preferred temperature range of most worms is between 12-22 oC (Reproduced from Ivleva 1973).

Worms can live in a 30oC environment for up to 3 hours before perishing. They can also live in
32oC for 1 hour, and 33oC for 45 minutes. Of course, in the wild, they can actively flee these
warmer temperatures to find more livable temperatures. The eggs of white worms do not tolerate
high temperatures as well as live worms, and they are more vulnerable because they are not
mobile. If the eggs are exposed to 30oC for up to 1 hour, 30% of the eggs are no longer viable. If
the eggs are exposed to 35oC, 100% of the eggs die and are not able to hatch (Ivleva 1973).
White worms can live in soil with a water content of 15-35%, but they prefer moisture contents
of 20-25%. Dry soil moisture contents as low as 8-10% can be lethal for the worms (Ivleva
1973).
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I.2 Use of White Worms in Aquaculture
Fish meal is a large component in feeds manufactured for farmed fishes because it contains the
dietary requirements, large amounts of protein and fat, that farmed fish need. The lack of certain
fatty acids in formulated diets can lead to mass mortality in cultured fishes (Takeuchi 2014). Fish
meal is presently the most common source of these essential fatty acids (Fisheries Industry
Division 1986). The harvest of wild fish to process into fish meal is not sustainable for wild
fisheries. Large amounts of forage fish such as herring, sardines, and anchovies are caught by
fishermen and sold to fish meal processing plants. This is where the fish are ground and dried
into fish meal. These fish are common prey species for larger fish, such as tuna and cod. Tuna
and cod, among many other species, are already overfished, so removing a primary food source
for these species will put more pressure on the wild fishery (Fisheries Industry Division 1986).
Fish meal is often the most expensive ingredient in fish feed, and the price varies widely
depending on the state of the fishery. Less expensive, alternative feeds substituted for fish meal,
could drive down the price of fish feed and allow fish farming to be more profitable, while
putting less pressure on wild fisheries.
White worms ,with a 75% protein and 15% lipid composition, were studied as an alternative feed
ingredient (Walsh 2012). Fairchild et al. (2017) present a similar nutritional composition of
white worms ranging from 49-69% protein and 10-27% lipids depending on what the worms are
fed. These protein and lipid compositions satisfy the macronutrient demands of a cultivated fish,
similar to fish meal and other live feed organisms such as zooplankton (Fairchild et al., 2017).
White worms are already proven to be an effective live feed for several fish species (Fairchild et
al., 2017), including winter flounder raised at the University of New Hampshire (UNH; Walsh et
al., 2015a,b).
5

In hatchery feeding trials of juvenile winter flounder, flounder that were fed white worms
showed significantly higher growth than fish fed other hatchery feeds within the 28 day rearing
period (Walsh et al., 2015a). In addition, survival was > 95% for worm-reared fish at the end of
trials (Walsh et al., 2015a). The hatchery raised flounder were then put in cages, along with wild
caught flounder, to compare their survival and feeding behavior, simulating a stocking scenario.
The flounder that were raised on worms in the hatchery, showed the most similar feeding
behavior and survival to other wild flounder (Walsh et al., 2015b). If the primary goal of
hatcheries is to produce juvenile fish for stocking, the fish need to assimilate into the wild
population, and winter flounder raised on white worms reached that goal (Walsh et al., 2015b).
The effectiveness of live worms as a live feed continues to be examined at UNH.

I.3 Cultivation and Harvest of White Worms
The history of white worm cultivation and harvesting goes as far back as 1915 in Russia, when
worms were used to feed juvenile sturgeon (Ivleva 1973). Ivleva (1973) describes extracting
worms from the soil using heat and light. In the case of heat, soil containing a worm culture was
placed in a box. A heat source projected heat either from below or from above. In both cases, the
worms migrated away from the heat source and congregated on the opposite side of the soil. The
layer of soil containing the worms was removed and put in water (Ivleva 1973), washing the
worms and removing the soil from them. In practice, this technique requires several iterations as
the worms and soil tend to settle together. This involves repetitively swirling the worms and soil,
and pouring out the water, without dumping any worms.
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In the case of using light to harvest, the soil was spread thinly onto a glass plate or placed into a
triangular shaped trough. The light was projected onto the top of the soil, and as the worms
moved downward into the soil, the top layer of soil that the worms evacuated was brushed off
until the worms were exposed. This process was continued until nearly all of the soil was
brushed off and the worms were on the surface of the glass, or the bottom of the trough. Despite
the time and effort involved in these harvesting methods, Ivleva (1973) was able to harvest 7084kg of worms per week to feed 2.5-3 million juvenile sturgeon (Vedrasco 2002).
At UNH, white worms are extracted out of the soil by placing the culture container on top of a
heating pad. The Soft Heat heating pad has three temperature settings, low (Setting 1), medium
(Setting 2), and high (Setting 3). The heating pad has an Auto Off feature that turns off the
heating pad after one hour. A mound of soil is built up along the side of the container. The
heating pad is turned on Setting 3 and left for an hour. If no worms have started climbing out of
the soil, the heating pad is turned on Setting 3 again. This process is repeated until worms are
congregating in high density around the mound and the sides of the container where they can be
swiped off the sides and picked off the top of the soil (Figure 3; Walsh 2012). This method is
similar to the method described by Ivleva (1973). In many cultures, there may not be worms in
the bottom 3-5 cm of soil, due to higher water content. When harvesting from these cultures,
time is wasted in heating up the bottom layers of soil that may not even contain worms.
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Figure 3. A heating pad below the culture forces worms to the surface. The worms congregate around the pile of soil
in the corner where they can be grabbed with forceps and put into a container (Reproduced from Walsh 2012).

The worms are similar in size to 2-4 cm long strands of thin spaghetti, which makes it difficult
and time consuming to separate them from the soil. In order to separate soil from the worms,
harvested worms are put into a small container with water and the water decanted until there is
an allowable amount of soil in the water. The worms can then be stored in the water for varying
amounts of time in the refrigerator, although, the usual shelf life is three days (Fairchild and
Walsh, 2017).
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White worms are popular with home aquarists as a live feed for ornamental fishes so there are
many videos online showing how to cultivate white worms for in home aquarium use. Videos on
Youtube, specifically “White Worms - The 10+ year method that works” by David Ramsey
(Ramsey 2016), show harvesting just as the worms start to leave the soil due to unfavorable
conditions. These unfavorable conditions are brought on by a high density of worms living in the
soil for an extended period. As the worms leave the soil, they congregate along the sides of the
container, and underneath the lid. Using a wet finger, the worms are collected and put into
another container to feed to the fish. A plastic screen is also placed on top of the food. This
causes worms to become entangled in the screen. These worms can then be harvested by dipping
the screen into a bucket of water and lightly tapping or shaking them in the water.
Although Ramsey’s (2016) method works for home aquaria, it would be difficult to carry out on
a commercial scale and it requires waiting for the culture to reach the point where they are
evacuating the soil, which does not happen regularly. If an industrial worm farm has to produce a
daily quota, worms would need to be harvested on a schedule. According to Ramsey (2016), his
methods result in a lot of excess worms that he uses for compost or disposes of, to maintain
healthy worm cultures. Ramsey’s (2016) method may work to feed a couple tanks of fish, but
this would not work to produce a consistent amount of worms each day to make a profit.
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I.4 White Worm Cultures and Harvesting at UNH
Approximately 100 white worm cultures were maintained at the UNH Coastal Marine Lab, in
plastic containers measuring 34.5 x 20.25 x 12.75 cm and stacked three high on shelves. The
cultures were cultivated in potting soil and were fed once every two weeks. During feeding, each
culture was inspected for signs of crashing. A crashed culture is one in which the soil is no
longer suitable for the worms. Signs of crashing include standing water at the bottom of the
container, soil that appeared to be too moist, and worms leaving the soil, either on the surface of
the soil or along the sides of the container (Figure 4).

Figure 4. Crashed versus healthy white worm cultures. (Left) In this crashed culture, worms can be seen crawling up
the sides of the clear plastic container. Also, worms can be seen on the surface of the soil. This happened in July
2016 when the temperature in the lab exceeded 26 oC for at least two days. (Right) A healthy culture is shown with a
cluster of live worms on top of the soil where food was placed there one week prior.
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If a worm culture displayed any of these signs, two cups of dry soil were added and mixed into
the culture. If an unhealthy culture already had too much soil, half of the soil was dumped.
Because the bottom 3-5cm of soil was usually uninhabited by worms, it was thrown away and
the top layer of soil containing worms was transferred into a new, clean container and mixed
with 2-3 cups of new, dry potting soil, depending on the old soil moisture content. The dry
potting soil was left open to the air in a 10 L plastic bin for at least one week prior to feeding. It
was stirred every two days to evenly distribute the drier soil on the top for more consistent
moisture content. The moisture content of the dry soil was measured to be about 8%.
Once a culture was brought to habitable moisture content, the worms were fed. Each culture was
fed spent brewery grain sourced from either Smuttlabs or Smuttynose Brewery (Portsmouth,
NH) bimonthly. This grain was then put into a 3.78 L food processor and ½ cup of seawater was
added. The food processor was turned on to the highest setting for at least 30 seconds, or until
the grain had the same porridge-like consistency throughout. Then, using a spatula, a 5 cm x 5
cm trough was made in the center of the worm culture extending all the way to the bottom of the
container. One third cup of processed grain was placed at the bottom of the trough, and was then
covered completely with soil and the surface leveled off.
Typically, the soil temperature of the worm cultures was similar to the air temperature in the
Coastal Marine Lab, about 20oC. However, when the outside temperature exceeded 32oC for
multiple days, the air temperature in the lab rose above 26oC. During these instances, the soil
temperature of the worm cultures probably exceeded 25oC, because several cultures crashed.
The white worms used for the following harvesting experiments were kept in a lab on the main
UNH campus (Durham, NH) in a 10oC refrigerator to minimize insect infestations. Under
refrigeration, the soil temperature was recorded to be as cold as 6oC in some locations within the
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soil. Originally, the worm cultures were stored on the lab counter, but flies became an issue as
well as fly larvae in the soil. After storing the cultures in the refrigerator, the fly population
decreased significantly along with the fly larvae. Fly larvae still existed in the soil but not nearly
in as great of numbers as they once were. Other small insects, such as Springtails, were also
prevalent in some cultures. The Springtails were so small in mass that they were not nearly as
much of a problem as the fly larvae. Storing the worm cultures in the refrigerator reduced the
springtail population.
I.5 Project Goal
The methods used by Ivleva (1973), Ramsey (2016), and UNH (Walsh 2012) for harvesting
white worms involve significant time and effort. Ivleva’s (1973) methods of harvesting are too
labor intensive and do not separate the worms from the soil in an efficient manner. Ramsey’s
(2016) method relies on the worm cultures reaching borderline unlivable soil conditions and do
not allow for scheduled harvesting. The method presently used at UNH (2012) requires heating
up the entire depth of the culture, which may not contain worms throughout each depth. This
results in time and energy wasted in heating up layers of soil that do not contain worms. The goal
of this project is to design and test a harvesting system that is cost effective, separates live worms
cleanly from the soil, and produces white worms in greater amounts in a more time efficient
manner than the previously described methods. The temperature gradient within the soil will be
tested as the primary mode of driving worms out of the soil by exploiting the preferred
temperatures of the worms, as described by Ivleva (1973).
Therefore, taking into account past methods for worm harvesting that use heat as the driving
force, the goal of this project was to design and test a white worm harvesting system that would
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yield the maximum amount of worms from the soil in the least amount of time with the least
amount of effort. Heat transfer was analyzed through the soil, parameters of a harvester design
were determined, and the harvester design was evaluated experimentally. Vibration was also
considered as a method to drive worms out of the soil.
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CHAPTER TWO
HEAT TRANSFER ANALYSIS
II.1 Introduction
The heat transfer characteristics of the soil were investigated from an analytic perspective. This
required understanding temperature distribution throughout the soil to determine heating duration
to efficiently harvest white worms. This analytical approach was attempted to understand heat
transfer through the soil before a harvester could be designed.
II.2 Methodology
In order to drive live worms out of the soil yet not become lethal for the eggs, soil temperatures
must remain between 25 and 30oC. The proper soil layer thickness to harvest worms in this
manner must be solved for. Fourier’s Heat Equation (Jumikis 1966) was used to model heat
conduction through the soil.

(1)

Where:
ΔT = Temperature difference between both ends of the soil layer (oK)
K= Thermal Conductivity constant of the soil (W/moK)
= Heat power per unit area transferred to the soil from the heating pad (W/m2)
Δx= thickness of the soil layer (m)
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The greatest hurdle in calculating for Δx was using an accurate value of K as the soil used was
very heterogeneous. This could be done experimentally assuming

is constant. Before

conducting experiments, a Thermal Simulation (SolidWorks 2016) was used in to model heat
transfer through the soil with an estimated low K value and an estimated high K value for the
potting soil used for worm cultivation. The K values were estimated from the relationship
between soil porosity and water content (Figure 5; Jumikis 1966).

Figure 5. The relationship between soil porosity and water content which was used to estimate high and low
estimates of the soil thermal conductivity (K) (Reproduced from Jumikis 1966).

The low estimate of soil water content and the high estimate of soil porosity produced the low
estimate of K. Conversely, the high estimate of soil water content and the low estimate of soil
porosity, 30%, produced the high estimate of K.
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The K value of the insulation in the model was estimated to be the same as foam insulation that
would be used for the harvester construction. The K value of the insulation was determined using
an equation from Cengel (2004).

(2)
Where:

R= R-value
L=thickness of insulation [m]
K= thermal conductivity value

The heating pad that was tested had a 0.5mm thick acrylic plastic case around the heating
elements; so the K value was determined for this component, as well as the aluminum sheet. The
estimate for

was determined by using a wattmeter to record the power supply to the heating

pad. Once all of the relevant parameters were determined, the SolidWorks model could be built
using the previously described parameters.

SolidWorks software was used to model the temperature profile in the soil. A preliminary
harvester model was built in SolidWorks to model the transient heat transfer through the soil
(Figure 6).
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Figure 6. Harvester model in SolidWorks with the soil chamber the same length and width as the heating pad. The
wooden exterior represents the insulation to help keep a uniform heat distribution.

An exploded view of the harvester design was built to show the components within the
SolidWorks harvester design (Figure 7).
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Figure 7. The exploded view of the SolidWorks harvester design shows the configuration of the components within
the harvester. The heating pad is in contact with the insulation on one side, and is in contact with the plastic cover of
the heating pad on the other side. The plastic cover is in contact with the heating pad and the Aluminum Sheet. The
Aluminum Sheet is in contact with the soil layer (shown as 10cm in depth) and the opposite side of the soil layer is
open to the air.

A low estimate and a high estimate for the value of K were used in the SolidWorks model as
previously described. The low estimate used in the model represented a dry soil with more
organic matter, and the high estimate represented a high water content soil with less organic
matter. Both were extreme values and the thermal conductivity of the UNH worm cultures were
more likely to be close to 1 W/moK based on Jumikis’ (1966) estimates of thermal conductivity
of topsoil to be 1 Kcal/m*hroC, which converts to 1.16 W/moK. The K values determined for the
heating pad cover, aluminum sheet, and insulation were all used in the SolidWorks model.
The thickness of the soil, or Δx, was determined based upon the deepest possible worm culture
that existed at UNH. The plastic containers which contained the worms at UNH were all no
18

greater than 10cm in depth, so 10cm was used as the soil thickness in the SolidWorks model. A
transient heat analysis was run using SolidWorks Simulation package until the entire soil reached
a minimum harvesting temperature for each K value. The results from the simulation showed the
temperature profile in the soil indicating how thick the soil layer of the harvester would have to
be to generate a temperature gradient resulting in worm movement out of the soil.
Both the low estimate of porosity and the high estimate of water content were determined to be
30% (Nimmo 2004). These values yielded a high estimate of K of 2.0 W/moK. The high
estimate of porosity and the low estimate of water content were determined to be 80% and 15%,
respectively (Nimmo 2004). These values yielded a low estimate of K of 0.5 W/moK (Figure 8).

Figure 8. The high and low estimates of K are highlighted by the red lines and yellow lines, respectively. The high
estimate of K, 20 cal/cm*hroC, and low estimate, 5 cal/cm*hroC, were converted to 2.0 W/moK and 0.5 W/moK,
respectively (Reproduced from Jumikis 1966).
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The value of Δx was determined to be 10cm. The value of electrical power that was read by the
wattmeter changed from 16.6W to 38W intermittently, indicating that there was temperature
control programmed into the heating pad. The median value of 27.3W from the wattmeter
readings was used as .
The heating pad that was tested had a 0.5mm acrylic plastic case around the heating elements;
the K value of the acrylic plastic was estimated to be 0.15 W/moK (Cengel 2004). The aluminum
sheet that was used was estimated to have a K value of 200W/moK (Cengel 2004). The resulting
K value for the insulation which was calculated from Equation 2 was 0.005 W/moK, where the
thickness of the insulation was 0.02m and the R-value was 4 m2oK/W.

II.3 Results and Discussion
A cross section of the temperature profile in the soil after 116 minutes of constant heat power
was produced in SolidWorks (Figures 9 and 10). The K value used in this model was 0.5
W/moK.

Figure 9. A view of the temperature distribution throughout the soil in the harvester model after 116 minutes of
constant heat power produced in SolidWorks Thermal Simulation with a K value of 0.5 W/m oK for the soil.
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Figure 10. A close up view of the temperature distribution throughout the soil after 116 minutes of constant heat
power of 27.3W produced in SolidWorks Thermal Simulation with a K value of 0.5 W/m oK for the soil.

A cross section of the temperature profile in the soil after 60 minutes of constant heat power was
produced in SolidWorks (Figures 11 and 12). The K value used in this model was 2.0 W/moK.

Figure 11. A view of the temperature distribution throughout the soil in the harvester model after 60 minutes of
constant heat power produced in SolidWorks Thermal Simulation with a K value of 2.0 W/moK for the soil.
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Figure 12. A close up view of the temperature distribution throughout the soil after 60 minutes of constant heat
power of 27.3W produced in SolidWorks Thermal Simulation with a K value of 2.0 W/moK for the soil.

For both models, the entire soil reached at least 25oC, which means that worms will definitely
move out of the soil. However, for the K=0.5 W/moK model, the soil within about 5 cm of the
aluminum sheet reached a minimum of 30oC to a maximum of 44oC at locations in contact with
the aluminum sheet. Eggs in this area would die quickly and there would certainly be some
degree of egg mortality throughout the rest of the soil, depending on how long the soil stayed
above 30 oC (Ivleva 1973). The temperature in the soil in the K=2.0 W/moK model reached 30oC
right at the contact point with the aluminum sheet, but everywhere else was a safe harvestable
temperature. Eggs in the K=2.0 W/moK model would not be exposed to harmful temperatures as
opposed to the K=0.5 W/moK model.
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II.4 Summary

The SolidWorks model was run with a high bound and low bound estimate of the K value of the
soil to understand the heat transfer through uniform soil. This provided temperature distribution
information for soil 10 cm deep with a uniform K value. However, the actual K value of the soil
was determined to be too heterogeneous to accurately model the heat transfer through the soil,
requiring further experiments to measure the actual temperature distribution in the soil used for
worm cultivation (see Chapter III).
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CHAPTER THREE
EXPERIMENTAL APPROACH
III.1 Introduction
Before a harvester could be designed, experiments on the soil were conducted to determine the
relevant parameters of the preferred harvester design, particularly, the soil depth and the screen
size. Once these relevant parameters were determined, possible harvester designs were proposed.
The optimal proposed design was chosen and a harvester could be built.
III.2 Harvester Soil Depth
To understand the results of the SolidWorks model better, experiments were run to measure the
temperature profile within the soil. An experiment was designed in which a plastic bin was filled
with 12cm of potting soil, and a temperature probe (Vernier Inc.) was inserted every 2 cm in
depth within the soil (Figure 13). First, the Soft Heat heating pad was laid flat on top of 2 cm of
potting soil. The first Vernier temperature probe was laid in the center on top of the heating pad.
Another 2 cm of soil was then laid on top of the heating pad and the temperature probe and was
spread as evenly as possible. Another temperature probe was laid on top of the new soil layer
directly above the center of the heating pad. This process was repeated until the sixth and final
temperature probe was laid on top of the total 10 cm of soil.
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Figure 13. Configuration of each temperature probe down the centerline of the heating pad. Each probe was
separated by 2 cm of soil with the bottom probe in contact with the heating pad, and one on the surface of the soil.

The Vernier Stainless Steel Temperature Probes were connected to the LabQuest2 data logger
(Vernier Inc.) which was connected to a laptop where the temperatures were recorded. A Soil
Moisture Sensor (Vernier Inc.) was also connected to the LabQuest2 data logger to read soil
moisture content. The Vernier LoggerPro 3.10.1 software (Vernier Inc.) was prompted to start
recording temperature at each probe, and the heating pad was turned on Setting 3 five seconds
after. The heating pad was reset, turned off and on again, at 35 minutes and then shut off at 60
minutes so the soil furthest from the heating pad would reach the highest temperature possible.
The temperature was recorded for a total of 160 minutes.
A second soil experiment was conducted with identical parameters to the previous soil
experiment. The only difference was that a seedling heating mat (HydroFarm Inc.) was used
instead of the Soft Heat heating pad. This heating mat, rated at 107W, was temperature
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controlled as it was designed to increase soil to 6-11oC above ambient temperature. A 2cm layer
of foam insulation was placed below the heating mat instead of a layer of soil. Wooden walls
2cm thick were used instead of a plastic container to contain the soil.
A third temperature study was designed with just a 4 cm layer of soil. The heating pad was laid
on top of 2cm thick foam insulation. Three probes were laid on top of the heating pad, one in the
center, one on the lower edge, and one on the left edge. Wooden walls 2cm thick were placed on
top of the heating pad and 4 cm of potting soil were poured inside and spread as evenly as
possible. The next three temperature probes were laid on top of the soil, open to the air, in the
same configuration as the probes beneath the soil (Figure 14).

Figure 14. The configuration of the top layer of temperature probes. Three temperature probes were placed on top of
the heating pad in the same configuration. Four centimeters of soil and worms was placed on top of the heating pad
and bottom temperature probes.

The temperature probes on the top layer were named TopCenter, TopLower, and TopLeft. The
bottom layer of temperature probes was laid on the heating pad and covered by 4 cm of soil. The
probes were similarly named BottomCenter, BottomLower, and BottomLeft and were in the
same configuration as the top layer (Figure 14). The heating pad was run on Setting 3 until it
automatically shut off after 45 minutes.
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A fourth soil experiment was conducted with identical parameters except the heating mat was
used as the heat source. The heating mat was left to run for 75 minutes. Pictures were taken of
the top of the soil at 0 minutes, 50 minutes, 68 minutes, and 75 minutes to observe any worm
migration out of the soil over time.
The temperature profile was recorded at each Vernier temperature probe at each respective depth
in the soil for the 10 cm depth experiment using the Soft Heat heating pad (Figure 15).

Figure 15. Soil temperature in the worm harvester from the bottom of the soil (0 cm; at the heating pad) to the top of
the soil surface (10 cm; furthest from heating pad) over time. Horizontal dashed lines at 25oC and 30oC represent the
observed temperatures at which worms start migrating towards a cooler temperature and when eggs begin to die,
respectively (Ivleva 1973). A Soft Heat heating pad was used in this trial.

The temperature profile was recorded at each Vernier temperature probe at each respective depth
in the soil for the 10 cm depth experiment using the heating mat (Figure 16).
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Figure 16. Soil temperature in the worm harvester from the bottom of the soil (0 cm; at the heating mat) to the top of
the soil surface (10 cm; furthest from heating mat) over time. Horizontal dashed lines at 25 oC and 30 oC represent
the observed temperatures at which worms start migrating towards a cooler temperature and when eggs begin to die,
respectively (Ivleva 1973). A seedling heating mat was used in this trial.

The temperature profile was recorded at each Vernier temperature probe at each respective
location in the soil for the 4 cm depth experiment using the Soft Heat heating pad (Figure 17).
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Figure 17. Soil temperature in the worm harvester from the bottom of the soil (0 cm; at the heating pad) to the top of
the soil surface (4 cm; furthest from heating pad) over time. Horizontal dashed lines at 25 oC and 30 oC represent the
observed temperatures at which worms start migrating towards a cooler temperature and when eggs begin to die,
respectively (Ivleva 1973). A Soft Heat heating pad was used in this trial.

The temperature profile was recorded at each Vernier temperature probe at each respective
location in the soil for the 4 cm depth experiment using the Soft Heat heating pad (Figure 18).
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Figure 18. Soil temperature in the worm harvester from the bottom of the soil (0 cm; at the heating mat) to the top of
the soil surface (4 cm; furthest from heating mat) over time. Horizontal dashed lines at 25 oC and 30 oC represent the
observed temperatures at which worms start migrating towards a cooler temperature and when eggs begin to die,
respectively (Ivleva 1973). A seedling heating mat was used in this trial.

Pictures of the surface of the soil were taken at 0 minutes, 50 minutes, 68 minutes, and 75
minutes after the heating mat was turned on (Figures 19-22).
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Figure 19.The surface of the soil as the heating mat was turned on (0 minutes). A worm is shown circled in yellow.

Figure 20. The surface of the soil 58 minutes after the heating pad was turned on.
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Figure 21. The surface of the soil 68 minutes after turning the heating mat on.
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Figure 22. The surface of the soil after 75 minutes.

From the soil experiments, it was clear that it would take at least 65 minutes for the soil layer
4cm away from the heat source to reach at least 25oC, which was the minimum harvesting
temperature. For the 10 cm layer experiments, the 4cm soil layer reached 25oC at 65 minutes
when the heating pad was used, but when the heating mat was used, the 4 cm soil layer reached
25oC at 100 minutes (see Figures 15 and 16). In both cases, the 4 cm soil layer never reached
temperatures above 30oC at any time. The 2 cm soil layer reached a minimum harvesting
temperature of 25oC within 50 minutes in each 10 cm soil layer experiment. From these results it
was determined that soil experiments be conducted on soil with a 4 cm depth.
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In the case of the 4 cm layer experiments, the surface of the soil, 4 cm away from the heat
source, failed to reach 25oC, except the TopCenter temperature probe reached 25oC at 80 minutes
with the heating mat as the heat source. In the 4 cm soil layer experiment with the heating mat,
worms did not actually leaving the soil, but worms were observed on the surface of the soil
around 68 and 75 minutes (see Figures 21 and 22).

From the results of the Soil Experiments, it was determined that the harvester would be designed
to harvest from a 2 cm depth of soil to harvest worms in a timely manner. This was chosen
because the 2 cm soil layer reached harvestable temperatures within 35 and 50 minutes, while the
shortest amount of time for the 4 cm soil layer to reach harvestable temperature was 65 minutes.
Not only would worms move out of the soil quickly, the soil nearest to the heat source would
reach 30oC for a shorter amount of time, which would reduce the exposure of eggs to harmful
temperatures.
III.3 Harvester Screen Size

To determine the proper screen opening size for the harvester, sieves of different screen sizes
were tested. The goal of these tests was to evaluate how well worms moved through the screens
without tangling, and how much soil fell through the screen. A proper screen size needed to be
chosen to minimize the amount of soil that was mixed in with the worms after harvesting. The
screen sizes of the sieves that were tested were 0.5 mm, 2.5 mm, and 3.2 mm (Figure 23). Each
sieve was tested with soil at least once to determine how well soil could be held by the screen.
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Figure 23. (Left) 0.5 mm sieve. (Middle) 2.5 mm sieve. (Right) 3.2 mm sieve.

Soil, with worms, was taken from a worm culture and was placed in the sieve. Enough soil was
used so that the depth in the sieve was at least 2cm. Another sieve was connected below and
lined with a paper towel to catch the worms after they had fallen through the screen (Figure 24).
1

2

3

4

Figure 24. (1) The sieves are shown stacked on top of eachother. (2) The bottom sieve is lined with a paper towel to
catch fallen worms. (3) The sieves are shown locked together before soil and worms are put into the top sieve. (4)
The sieves are shown locked together with soil and worms loaded into the top sieve.

Soil and worms were then loaded into the top sieve and the heating pad was then placed on top
(Figure 25). The sieves and the heating pad were wrapped in a reflective heat blanket, or a space
blanket (Figure 26). The weight was placed on top of the heating pad after the sieves and heating
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pad were wrapped entirely by the space blanket (Figure 27). The weight used was a plastic bin
with a bag of soil.

Sieves

Figure 25. The heating pad placed on top of the top sieve, which was previously loaded with soil and worms.

Figure 26. The sieves and the heating pad wrapped entirely by the space blanket.

Figure 27. The weight placed on top of the heating pad and sieves, which were wrapped entirely by the space
blanket.
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The heating pad was turned on to Setting 3 and the bottom sieve was checked every 45 minutes
to see if worms had fallen through the screen of the top sieve. The heating pad was turned off
and back on every 45 minutes for 3 hours. After 3 hours, the total amount of harvested worms
was weighed. Pictures were taken of the sieve screen after 3 hours of harvesting.
Four experiments were run with the 2.5 mm sieve, and for each of the other sieves, one
experiment run (Table 1). Selection of the screen size for the harvester design was based on the
amount of soil that fell through the sieve screens as well as the amount of worms that
successfully moved through the sieve screens.
Table 1. Harvested amounts of white worms from the sieve harvest experiments for each trial.

Worm Harvest from Sieve Experiments
Sieve Screen Opening Size
Trial #
0.5mm 2.5mm 3.2mm
Trial 1
0g
3.7g
N/A
Trial 2
4.5g
Trial 3
2.7g
Trial 4
3.4g

The 2.5 mm screen consistently harvested worms throughout the four trials (Table 1). There was
no harvest for the 0.5 mm sieve, so no further experiments were conducted using it (Table 1;
Figure 28).
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Figure 28. (Left) Worms migrating through the 2.5 mm screen after 3 hours of harvesting. Some worms are still
entangled in the screen. (Right) The 0.5 mm screen after 3 hours of harvesting. The worms appear to be spread out
more across the screen and no worms fell on the paper towel below. The 0.5 mm screen had to be rinsed with water
and scrubbed to get the worms off the screen. Both screens were left to soak overnight to get the remaining worms
out of the screen.

The amount of soil that fell through the 3.2 mm sieve was 2.46 g (Figure 29). The sieve
experiment for the 3.2 mm sieve was not continued because this amount of soil was determined
to be unacceptable.
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Figure 29. The Plexiglas sheet covered with the 2.46 g of soil that fell through the 3.2 mm sieve.

The greatest amount of soil that fell through the 2.5 mm sieve was 0.5 g (Figure 30). The small
soil clumps were picked out from the harvested worms and were weighed separately. No soil fell
through the 0.5 mm sieve.
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Figure 30. Harvested worms from a 2.5 mm sieve experiment with 0.5 g of soil. The amount of worms shown is 4.5
g.

From the results of the sieve experiments, the 2.5 mm sieve harvested the most worms and did
not let too much soil through the screen throughout all four trials. The 0.5 mm sieve let no soil
through the screen, but no worms were harvested either. The 3.2 mm sieve allowed too much soil
through the screen. Therefore, of the screens tested, the 2.5 mm screen was the optimal screen
size and was chosen to be used in the harvester design.
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III.4 Harvester Design
Now that the screen size and soil depth were determined, designs for the harvester could be
proposed. The first proposed harvester design, Option 1, used the heating pad set up vertically
with two soil containers on each side (Figure 31). An aluminum sheet would be placed between
the soil and the heating pad, in contact with both. The chambers holding the soil were angled
slightly on each side, enabling worms to move more easily out of the soil. The screen would be
situated at the opposite ends of the soil chambers from the heating pad.

Option 1

Figure 31. A sketch of the cross section of Option 1 is shown. An aluminum plate is in contact with the heating pad
on each side and the aluminum plate is in contact with the soil. Heat would transfer through the aluminum plate and
through the soil, driving worms out on each side. At the outlet, there would be a screen to allow worms to pass
through, but hold the soil in place.
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The second proposed design, Option 2, used the heating pad on top of the soil, to transfer heat
downwards through the soil (Figure 32). A layer of Perlite was used to keep soil from falling
through the screen, while allowing worms to move through. The screen supported the soil and
Perlite layer above and allowed worms to pass through. The funnel below would collect worms
that have fallen through the screen.

Option 2

Figure 32. Option 2 directs the heat downwards through an aluminum plate that is in contact with the soil. A layer of
Perlite could be used to prevent soil from falling through the screen below, but allowing worms to pass through. A
similar funnel and valve system can be set up underneath the harvester to collect the worms as they fall through the
screen. Foam Insulation can also be placed inside the wood walls to prevent heat loss.

Option 3 used an immersion heater to project heat out in a radial direction through the soil
(Figure 33). The immersion heater was placed in the center of a cylindrical screen. Soil from a
worm culture would be dumped into the cylindrical screen. Heat propagated radially and worms
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moved out of the soil through the screen around all sides of the cylinder. A funnel similar to one
in Options 1 and 2 would be placed below the harvester to collect the worms.

Option 3

Figure 33. Option 3 is designed with a with an immersion heater in the center to transfer heat through the soil
radially. The soil would be contained by a cylindrical screen that the soil and worms can be dumped into. The small
figure in the top right corner shows how the screen would surround the soil.

After analyzing the cost and feasibility of each option, Option 2 was chosen. The harvester was
built with the soil situated below the heating pad (see Figure 32). An aluminum plate was placed
on top of the soil, with the heating pad placed on top of the aluminum plate. The soil was
surrounded by a layer of foam insulation, about 2cm thick and a 2cm layer of wood side walls
for support. A screen was placed below the soil to hold it in place and allow worms to move
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through. Tests were conducted to determine the proper screen opening size. More wood, 2cm in
thickness, was placed below the wood above to provide distance between the screen and the
Plexiglas sheet below. The Plexiglas sheet was used to catch the worms as they fall from through
the screen. Plexiglas was chosen because of its smooth surface, so worms were easily wiped off.
A weight was placed on top of the heating pad to seal the edges and provide thermal resistance
larger than the open area of the harvester. This prevented warm air inside the harvester from
escaping. The length and width of the harvester itself would be 30 x 30cm, not including
insulation, which allowed the heating pad to cover the entire area. The heating pad had an area of
37.5 x 30.5cm.
After reviewing the results from the Soil Experiments and Sieve Experiments, final dimensions
of the harvester were determined using Option 2 of the proposed designs as a template. The area
of the harvester was designed to be smaller than the area of the heating pad. The insulation was
cut to fit inside the harvester and the aluminum sheet was cut to the area of the heating pad. The
weighted bin used was greater than the area of the enclosure for soil and worms and the screen
was situated on the bottom.
The pros and cons of each worm harvester design Option were compared with a focus on
feasibility and cost effectiveness (Table 2).
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Table 2. The pros and cons of each harvester design option.

Pros

Option 1

Option 2

-Utilizes both sides of
heating pad.

-Worms would more
easily fall through the
screen.

-Utilizes gravity with
angle.

-Perlite/gravel layer
would prevent soil
from falling though.

Option 3
-Potential to harvest
from larger volume
depending on length
of immersion heater.

-Easiest to construct.
Cons

-Worms could get
tangled in the
vertically oriented
screen.

-Even with the Perlite
layer, more soil is
likely to fall through
the screen.

- Worms could get
tangled in the
vertically oriented
screen.

-Worms that have
escaped through the
screen could crawl
underneath the
harvester.

-Does not utilize both
sides of the Heating
Pad.

-Most difficult to
construct (cylindrical
screen).

-Possibly harvesting
from less volume than
Option 1.

-Immersion heater
would need to be
purchased.

After the characteristics of each option for the harvester design were considered, as described in
Table 1, Option 2 was chosen to be constructed (see Figure 32). Option 2 was the easiest to
construct and the most cost effective. Option 1 and 2 were similar in cost to construct, but there
was more concern of worms entangling in the screen and crawling underneath the harvester with
Option 1. Option 3 was the most difficult to construct as it involved using a cylindrical screen
and an immersion heater. Some modifications were made to Option 2 such as the Perlite layer
was chosen not to be used.
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The results from the Soil Experiments and Sieve Experiments were used to determine the final
dimensions of the harvester. The area of the harvester was designed to be smaller than the area of
the heating pad. The insulation was cut to fit inside the harvester and the aluminum sheet was cut
to the area of the heating pad. The weighted bin used was greater than the area of the enclosure
for soil and worms, and the screen were situated on the bottom. The enclosure for the soil and
worms, and the aluminum sheet were designed to fit the heating pad area with 2cm of depth in
the harvester for the soil and worms (Figures 34-36).

Figure 34. Cross section of harvester. The numbered labels correlate to different components of the harvester. 1—
Weight, 2— Heating Pad (Yellow), 3—Aluminum Sheet (Red), 4—Insulation, 5—Wood Side Walls, 6—Screen
(2.5mm opening), 7—Wood Supports, 8—Plexiglass sheet
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2cm

23.5cm

26.5cm

Figure 35. The harvester used for testing, shown without soil, aluminum plate, heating pad, or weight. The soil is
poured onto the screen and spread evenly so that the surface of the soil does not go higher than the insulation. The
inside of the harvester had dimensions of 26.5 cm x 23.5 cm x 2 cm for a total volume of 1260 mL. The screen used
was stainless steel wire cloth with 2.46 mm openings.
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Figure 36. (Left) The aluminum sheet is shown laid on top of the harvester which has been loaded with soil.
(Middle) The heating pad is shown laid on top of the aluminum sheet. (Right) The plastic bin is shown on top of the
harvester to press the heating pad onto the aluminum sheet and to press the aluminum sheet onto the surface of the
soil. In this case, the plastic bin is weighed down with a lab light. Soil was also used to weigh down the bin.

III.5 Summary
The results from the soil experiments lead to a determination of the soil thickness, or Δx, to be
2cm, and the sieve experiments lead to a determination of the screen opening size to be 2.5mm.
The rest of the dimensions of the harvester were determined based on the area of the heating pad
using Option 2 of the proposed designs as a template. Modifications were added to improve the
harvesting efficiency, such as an aluminum sheet and foam insulation.
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CHAPTER FOUR
HARVESTER DESIGN EVALUATION
IV.1 Introduction
The harvester design that was built was tested to evaluate the efficiency of the design, as well as
to determine the proper duration to run the heating pad. Experiments needed to be conducted
with worms in the soil to determine the efficiency of the harvester. Vibration was also considered
as a method to harvest worms.
IV.2 Methodology
To evaluate the efficiency of the design, the cumulative and incremental harvesting efficiency
was calculated. The incremental harvesting efficiency (IHE) was calculated by dividing the
amount of worms harvested at a certain time increment by the total initial amount of worms in
the soil.

(3)

The cumulative harvesting efficiency (CHE) was calculated by summing the incremental
harvesting efficiencies at each time increment. In other words, the cumulative harvesting
efficiency is the total amount of worms harvested until a certain time, divided by the total
amount of worms initially in the soil.
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(4)
Where:
n= total number of increments
i= specific time increment

The percent of total harvest was calculated by dividing the cumulative harvesting efficiency at
each time increment by the final cumulative harvesting efficiency at 180 minutes.

(5)

Where:
n= total number of increments
i= specific time increment

To know the initial amount of worms present in the soil before harvesting, a known amount of
worms had to be added to sterilized soil. Therefore, worms had to be previously harvested, or pre
harvested, from a culture and mixed into sterilized soil. Then the harvesting experiment could
start. A more detailed description of this pre harvesting process is explained below.
Soil that was previously inhabited by worms was put in the microwave for 10 minutes on the
highest setting. This killed any living organism, especially worms, and left the soil sterile. This
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was done the day before a harvest experiment, so that the sterile soil could sit at room
temperature overnight. If soil sterilization was done the same day as a harvest experiment, the
soil was put in a freezer for about 20 minutes or until the soil cooled to 20oC. For the harvest
experiment, 1260 mL of sterilized soil was measured as this was the maximum volume of the
harvester. The Vernier Temperature probes were used to record the temperature at specified
locations throughout the soil. Then, the harvester was used to harvest worms from an active
culture. Soil with worms was taken out of a culture and was placed in the harvester and spread
out evenly (Figure 37).

Figure 37. The harvester shown with 2 cm depth of soil spread evenly throughout the harvester.
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The aluminum sheet was placed on top of the soil and the heating pad was placed on top of that.
The plastic weighted bin was placed on top of the heating pad and the heating pad was set to
Setting 3. The weight helped maintain contact between the heating pad, the aluminum sheet, and
the soil for a more efficient heat transfer.
Every hour when the heating pad shut off, the Plexiglas sheet was checked for worms. The
heating pad was then turned on again. After three hours the worms on the Plexiglas sheet were
wiped off with a wet finger. The worms still had residual moisture on them after being harvested
so they were placed on a double folded paper towel and left to dry for 10 minutes. After 10
minutes the worms were flipped over onto another dry, double folded paper towel and left for
another 10 minutes. While the worms dried, a small Tupperware container was zeroed on a
Cahn TA 450 mass scale. Once the worms were done drying, they were put into the Tupperware
container and weighed. Some worms stuck to the paper towel and had to be lightly scraped off
with a spoon. This was done carefully so as not to damage any worms.
Once the worms were weighed, they were dumped into the sterilized soil, and left for 10 minutes
to naturally burrow and distribute into the soil (Figure 38). After ten minutes, the soil was stirred
until the biggest clumps of worms were not bigger than about 1 cm in diameter.
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Figure 38. (Left) The clump of freshly harvested, and weighed, worms can be seen on the surface of the sterilized
soil. (Right) After ten minutes, the worms have burrowed into the soil and slightly dispersed. Before using this soil
for a harvesting experiment, the soil was stirred until clumps of worms in the soil were about 1 cm in diameter.

Vernier temperature probes were laid on the bottom of the harvester on the screen (Figure 39).

Figure 39. The configuration of the Vernier temperature probes for the harvesting experiments with all three settings
of the heating pad. The two centimeters of soil and worms was spread evenly in the harvester on top of the
temperature probes. The other three temperature probes were placed on top of the soil in the same configuration as
shown.
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Sterilized soil and worms were then poured into the harvester and spread out as evenly as
possible. The second layer of Vernier temperature probes were placed on top of the soil, and the
aluminum sheet, heating pad, and weight were all placed on top (see Figure 36). The goal of the
preharvest experiments was to obtain at least 10 g of worms to use for the harvesting
experiments.
To determine at what temperature the worms could be harvested, harvesting experiments were
run using all three of the heating pad settings. With the Vernier temperature probes (see Figure
39); the best temperature for harvesting worms was observed as well as harvesting duration.
For each of the harvesting experiments, the same procedure was followed to sterilize the soil and
to add an initial known amount of worms, as described previously. Seven experiments were run
for each of the three heating pad settings for a total of 21 harvesting trials. The experiments were
run for 3 hours and the heating pads were reset after each worm collection. The first worm
collection was at 45 minutes, the second collection at 90 minutes, the third collection at 135
minutes, and the fourth and final collection was made at 180 minutes (3 hours).
At each harvest increment, any worms on the Plexiglas sheet were wiped off with a damp finger
and were placed on a paper towel for 10 minutes to dry. After 10 minutes, the worms were
dumped into the Tupperware container and weighed. Cumulative harvesting efficiencies were
calculated for each of the four 45 minute increments for each heating pad setting. These
cumulative harvesting efficiencies were plotted along with the average temperature recorded in
each harvester for each heating pad setting. The mean cumulative harvesting efficiencies at 180
minutes were compared for each setting.
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After analyzing the data from the previous harvesting experiments, it was determined that the
bottom of the soil needed to reach about 30oC before worms would leave the soil. The top of the
soil ended up reaching about 40oC during the process. An Inkbird temperature controller was
purchased to control the temperature in the soil. Harvesting experiments were required to
determine the best temperature setting of the temperature controller, as well as how long the
heating pad should be on, and when worms can be harvested. These harvesting experiments were
similar to the previously described harvesting experiments, except the temperature control on the
heating pad was removed so that the heating pad would not automatically shut off. The wires
were cut above and below the circuit board of the heating pad. The wires were reconnected and
wrapped in electrical tape. This new “uncontrolled” heating pad was then plugged into an
Inkbird temperature controller (Figure 40).

Connection
wrapped in
tape

Manufacturer
controls (removed)

Heating Pad
plug in the
Inkbird power
outlet

Inkbird
Temperature
Controller
Power plug for
Inkbird
Temperature
Controller

Heating Pad
Inkbird
Temperature
Probe

Power plug

Figure 40. (Left) The manufacturer controls are shown disconnected from the circuit to bypass the Auto Off feature.
The wires were tied together and covered with electrical tape. (Right) The heating pad is shown plugged into the
Inkbird temperature controller. The heating pad is now controlled by the temperature reading of the Inkbird
temperature probe which is connected to the temperature controller.
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Three Vernier temperature probes were placed on the bottom of the harvester, on the screen, in
the center, on the lower, and left side of the harvester (see Figure 39).
A harvesting experiment was run, with worms in the soil, with the temperature probe on top of
the soil. The temperature probe was set to 35oC to try to keep the bottom of the soil in the
harvester to stay as close to, but below, 30oC, while keeping the top of the soil above 30oC for
the shortest time possible. The Vernier temperature probes were configured in the same way as
previous harvesting experiments, to record the temperature at the bottom center, bottom lower,
bottom left, top center, top lower, and top left locations within the harvester (Figure 41). The
aluminum sheet was placed on top of the soil, then the heating pad and the weighted bin were
placed on top.

Inkbird temperature probe

Figure 41. The harvester is shown set up for a temperature controlled harvest experiment. The temperature probe is
placed in the center of the harvester on top of the soil. The Vernier temperature probes are in a similar configuration
as the previous experiments, both on the bottom of the harvester, and on top.

After viewing the results of this 35oC experiment, another identical experiment was conducted
with the Inkbird temperature control set to 40oC to increase the harvesting efficiency from the
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35oC experiment. This was an attempt to recreate the temperature profile from the previous
harvesting experiments in which all three settings of the heating pad were used.
After the results of the first 40oC experiment, 13 more experiments were run using the
temperature control set to 40oC for a total of 14 experiments. The first 8 experiments (before
5/23/17) used the same set up as described above. On 5/23/17 and all experiments afterward, the
Inkbird temperature probe was pushed into the soil, so that it was nearly underneath the surface
of the soil (Figure 42). The method of lightly pushing the temperature probe into the soil was
continued throughout the remaining temperature controlled harvesting experiments.

Figure 42. (Top) The cross section of the Inkbird temperature probe as it was laid on top of the soil for all harvesting
experiments before 5/23/17. The temperature probe was likely pushed down an unknown depth into the soil every
time the aluminum sheet, heating pad, and weighted bin were placed on top. (Bottom) The cross section of the
Inkbird temperature probe on 5/23/17 when it was pushed down an entire diameter into the soil, so that it was just
below the surface of the soil.
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Cumulative harvesting efficiencies between each time increment before and after 5/23/17 were
compared separately using ANOVA followed by Student’s t test (JMP 13 software). The mean
cumulative harvesting efficiencies at 180 minutes were compared for experiments.
Additional harvesting experiments were run to determine the effectiveness of each modification
to the harvester design. Modifications included both the insulation and aluminum sheet (All
Mods), insulation only (Ins), aluminum sheet only (Al sheet), and neither insulation nor
aluminum sheet (No Mods) (Table 3).
Table 3. The number of harvesting experiment run for each modification set up.

Number of
Harvesting
Experiments

All Mods

Ins

Al sheet

No Mods

6

3

3

3

The temperature was recorded down the centerline of the harvester at the surface of the soil, and
at the bottom of the soil. This way, three experiments could be run simultaneously. Three Inkbird
temperature controllers were used for all experiments, and were set to 40oC. Three harvest
experiments were run for the aluminum plate, insulation, and for neither. Five harvest
experiments were run for both modifications. The cumulative harvesting efficiency was
measured at 45 minute increments over a total of 3 hours. The effect of the modifications on
cumulative harvesting efficiencies were compared using an ANOVA (JMP 13 software).
After it was determined that the cumulative harvesting efficiencies were significantly greater
when the Inkbird temperature probe was pushed into the soil, a mount for the probe was secured
to the aluminum sheet to keep the probe at least 3 mm deep in the soil. A pencil mount from a
compass was used as the mount for the temperature probe. It was secured to the aluminum sheet
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with Loctite Threadlocker Red 271. The glue maintains its performance in temperatures up to
149oC. A small piece of electrical tape was wrapped around the probe itself so that the probe was
not in direct contact with the metal mount (Figure 43). This allowed the probe to read the
temperature in the soil more accurately.

Pencil mount
(from compass)
Electrical
Tape

3mm

Inkbird Temperature Probe

Figure 43. The metal mount that was removed from the compass is shown secured to the aluminum sheet with
Loctite Threadlocker glue. The temperature probe is shown inside of the mount. This keeps the temperature probe 3
mm away from the aluminum sheet. The electrical tape reduces heat from transferring from the aluminum sheet
though the metal mount. This allows the probe to get a more accurate reading of the soil temperature.

In an effort to harvest worms without using heat, it was proposed that vibration through the soil
be tested. The same harvester set up was used except a flat metal rod was drilled through the
screen and into the wooden support (Figure 44). This was done to transmit the vibration through
the metal rod into the screen and into the soil.

59

Figure 44. To mount the metal rod to the screen, a screw was drilled through the metal rod and through the screen.
The screw was drilled into the wood support below to anchor the metal rod and screen. The wood sidewall of the
harvester was placed right next to the metal rod on top of the screen. (Not to scale)

An ALTEC Shaker was put in contact with the metal rod and the ALTEC shaker was connected
to a signal generator. The soil with worms was loaded into the harvester like any other harvesting
experiment, except no temperature probes were used, and the soil was left open to the air (Figure
45).
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Figure 45. (Top) The shaker on the left in contact with the metal rod (circled in red) mounted to the harvester to
vibrate the screen. (Bottom) The entire vibration experiment set up with the shaker connected to the signal
generator.

Multiple experiments were conducted using frequencies of 20 Hz, 60 Hz, 120 Hz, 140 Hz, 200
Hz, 60 kHz, 0.25 MHz, 0.35 MHz, 0.5 MHz, 0.75 MHz, 1 MHz, and 1.45 MHz. Each of these
were run for at least 20 minutes, although, 20Hz, 120Hz, and 200Hz were each run for three
hours. The Plexiglas sheet was checked for worms at the end of each experiment. The surface of
the soil was also checked for any worms that may have migrated to the surface.
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IV.3 Results and Discussion
The initial amount of worms in the harvester and the harvested amounts from each setting of the
heating pad were recorded at each time increment along with for each experiment date. The
incremental and cumulative harvesting efficiencies were calculated using the initial and
harvested amounts (Tables 4-6).
Table 4. The initial, incremental, and cumulative harvested amounts (in grams) of worms and harvesting efficiencies
(Eff) for Setting 1 for each time increment. Mean cumulative harvesting efficiencies are highlighted in yellow.
Experiment
Date

Initial
Amount

12/12/2017
1/11/2017
1/13/2017
1/18/2017
1/24/2017
2/16/2017
2/27/2017
Averages
Std Error (+/-)

11.1
20.6
16.8
20.8
17.9
26.4
18.9
18.9
1.7

45 mins
Incremental

Amount
0.0
0.0
0.0
0.0
0.0
1.5
0.0
0.2
0.2

Cumulative

Setting 1
90 mins
Incremental

Cumulative

135 mins
Incremental

Cumulative

180 mins
Incremental

Cumulative

Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff
0.00 0.0 0.00 1.4 0.12 1.4 0.12 4.4 0.40 5.8 0.52 0.0 0.00 5.8 0.52
0.00 0.0 0.00 1.0 0.05 1.0 0.05 3.5 0.17 4.4 0.22 2.0 0.10 6.5 0.31
0.00 0.0 0.00 7.5 0.44 7.5 0.44 3.1 0.19 10.6 0.63 1.4 0.08 12.0 0.71
0.00 0.0 0.00 2.3 0.11 2.3 0.11 1.6 0.08 3.9 0.19 1.2 0.06 5.1 0.25
0.00 0.0 0.00 2.3 0.13 2.3 0.13 3.8 0.21 6.2 0.34 0.0 0.00 6.2 0.34
0.06 1.5 0.06 16.3 0.62 17.8 0.68 1.1 0.04 18.9 0.72 0.0 0.00 18.9 0.72
0.00 0.0 0.00 12.7 0.67 12.7 0.67 0.7 0.04 13.4 0.71 0.0 0.00 13.4 0.71
0.01 0.2 0.01 6.2 0.31 6.4 0.31 2.6 0.16 9.0 0.48 0.7 0.03 9.7 0.51
0.01 0.2 0.01 2.3 0.10 2.5 0.10 0.5 0.05 2.1 0.09 0.3 0.02 2.0 0.08

Table 5. The initial, incremental, and cumulative harvested amounts (in grams) of worms and harvesting efficiencies
(Eff) for Setting 2 for each time increment. Mean cumulative harvesting efficiencies are highlighted in yellow.

Experiment
Date

Initial
Amount

12/12/2017
1/11/2017
1/13/2017
1/18/2017
1/24/2017
2/16/2017
2/27/2017
Averages
Std Error (+/-)

11.7
21.8
17.3
20.6
21.3
27.0
22.1
20.3
1.8

45 mins
Incremental

Amount
0.0
0.0
0.0
0.0
0.0
1.5
0.0
0.2
0.2

Cumulative

Setting 2
90 mins
Incremental

Cumulative

135 mins
Incremental

Cumulative

180 mins
Incremental

Cumulative

Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff
0.13 0.0 0.13 1.4 0.36 1.4 0.49 4.4 0.12 5.8 0.60 0.0 0.00 5.8 0.60
0.00 0.0 0.00 1.0 0.20 1.0 0.20 3.5 0.35 4.4 0.55 2.0 0.04 6.5 0.59
0.39 0.0 0.39 7.5 0.13 7.5 0.52 3.1 0.07 10.6 0.59 1.4 0.03 12.0 0.63
0.01 0.0 0.01 2.3 0.11 2.3 0.12 1.6 0.24 3.9 0.36 1.2 0.11 5.1 0.47
0.08 0.0 0.08 2.3 0.40 2.3 0.48 3.8 0.10 6.2 0.58 0.0 0.00 6.2 0.58
0.18 1.5 0.18 16.3 0.59 17.8 0.76 1.1 0.03 18.9 0.80 0.0 0.00 18.9 0.80
0.00 0.0 0.00 12.7 0.66 12.7 0.66 0.7 0.01 13.4 0.67 0.0 0.00 13.4 0.67
0.11 0.2 0.11 6.2 0.35 6.4 0.46 2.6 0.13 9.0 0.59 0.7 0.03 9.7 0.62
0.05 0.2 0.05 2.3 0.08 2.5 0.09 0.5 0.05 2.1 0.05 0.3 0.02 2.0 0.04
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Table 6. The initial, incremental, and cumulative harvested amounts (in grams) of worms and harvesting efficiencies
(Eff) for Setting 3 for each time increment. Mean cumulative harvesting efficiencies are highlighted in yellow.

Experiment
Date

Initial
Amount

12/12/2017
1/11/2017
1/13/2017
1/18/2017
1/24/2017
2/16/2017
2/27/2017
Averages
Std Error (+/-)

13.7
19.9
19.8
20.0
20.3
27.4
22.4
20.5
1.5

45 mins
Incremental

Amount
0.6
1.2
0.0
3.8
2.5
1.4
0.0
1.3
0.5

Cumulative

Setting 3
90 mins
Incremental

Cumulative

135 mins
Incremental

Cumulative

180 mins
Incremental

Cumulative

Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff Amount Eff
0.04 0.6 0.04 4.6 0.34 5.2 0.38 2.7 0.19 7.9 0.58 0.0 0.00 7.9 0.58
0.06 1.2 0.06 2.4 0.12 3.6 0.18 4.6 0.23 8.1 0.41 2.3 0.11 10.4 0.52
0.00 0.0 0.00 13.8 0.70 13.8 0.70 0.4 0.02 14.2 0.71 0.0 0.00 14.2 0.71
0.19 3.8 0.19 2.7 0.14 6.5 0.33 5.4 0.27 12.0 0.60 1.2 0.06 13.2 0.66
0.12 2.5 0.12 6.2 0.31 8.7 0.43 1.1 0.06 9.8 0.48 0.0 0.00 9.8 0.48
0.05 1.4 0.05 18.0 0.66 19.4 0.71 1.2 0.04 20.6 0.75 0.0 0.00 20.6 0.75
0.00 0.0 0.00 10.7 0.48 10.7 0.48 0.4 0.02 11.1 0.49 0.0 0.00 11.1 0.49
0.07 1.3 0.07 8.3 0.39 9.7 0.46 2.3 0.12 11.9 0.57 0.5 0.02 12.4 0.60
0.03 0.5 0.03 2.3 0.09 2.1 0.07 0.8 0.04 1.7 0.05 0.3 0.02 1.6 0.04

The mean cumulative harvesting efficiencies (see Tables 4-6) from all seven experiments were
plotted at each time increment along with the average temperature recorded at each Vernier
temperature probe from all seven experiments (Figure 46).

Figure 46. Mean cumulative harvesting efficiencies and average temperature plotted versus time.
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The percent of the total amount harvested at each time increment was calculated to show what
percentage of the final harvested amount of worms was harvested at a certain time increment
(Table 7).
Table 7. The percent of total harvest for each experiment date for each setting of the heating pad.
Percent of Harvest- Setting 1

Experiment Date

Percent of Harvest- Setting 2

12/12/2017

45 mins
0%

90 mins
24%

135 mins
100%

180 mins
100%

1/11/2017

0%

15%

69%

1/13/2017

0%

62%

88%

1/18/2017

0%

44%

1/24/2017

0%

2/16/2017

Percent of Harvest- Setting 3

45 mins
22%

90 mins
81%

135 mins
100%

180 mins
100%

45 mins
8%

90 mins
66%

100%

0%

34%

93%

100%

11%

100%

61%

83%

94%

100%

0%

76%

100%

1%

26%

77%

100%

38%

100%

100%

15%

83%

100%

8%

94%

100%

100%

22%

96%

2/27/2017

0%

95%

100%

100%

0%

Average

1%
1%

53%
12%

90%
5%

100%
0%

17%
8%

Std Error (+/-)

135 mins
100%

180 mins
100%

34%

78%

100%

97%

100%

100%

29%

50%

91%

100%

100%

25%

88%

100%

100%

100%

100%

7%

94%

100%

100%

98%

100%

100%

0%

96%

100%

100%

71%
11%

95%
3%

100%
0%

11%
4%

75%
10%

96%
3%

100%
0%

The harvesting efficiencies from the 35oC temperature controlled experiment were plotted at
each time increment along with the temperature recorded in each Vernier temperature probe
(Figure 47).
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Figure 47. Cumulative harvesting efficiency and temperature plotted versus time for the temperature controller set to
35oC.

The initial amounts of worms in the harvester, the incremental, and cumulative harvested
amounts of worms from the temperature controlled experiments before 5/23/17 were recorded
and at each time increment at each experiment date (Table 8).
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Table 8. The initial, incremental (Inc), and cumulative (Cum) harvested amounts (in grams) of worms for harvesting
experiments before 5/23/17 for each time increment.

Harvested Amounts (g)- Before 5/23
Experiment Date Initial Amount 45 mins
90 mins
135 mins 180 mins
(g)
Inc Cum Inc Cum Inc Cum Inc Cum
3/13/2017

26.4

0.0

0.0

1.3

1.3

0.8

2.0

2.3

4.3

3/28/2017

20.1

0.0

0.0

9.6

9.6

6.1

15.7

0.0

15.7

3/30/2017

14.3

0.0

0.0

4.3

4.3

1.7

6.0

0.0

6.0

4/4/2017

17.6

0.0

0.0

10.4 10.4

1.3

11.7

0.0

11.7

4/11/2017

15.7

0.0

0.0

10.4 10.4

0.3

10.7

0.0

10.7

4/13/2017

10.7

0.0

0.0

0.0

0.0

2.1

2.1

0.2

2.4

4/24/2017

10.8

0.0

0.0

5.0

5.0

0.2

5.2

0.0

5.2

4/28/2017
4/29/2017

9.6

0.0

8.3

0.0
0.0

6.0

8.2

0.3
0.1

6.0

0.2

5.8
8.0

5.8

13.8

0.0
0.2

Averages
Std Error (+/-)

15.4
1.8

0.0

0.0

6.1

6.1

1.4

7.5

0.3

7.8

0.0

0.0

1.3

1.3

0.6

1.5

0.3

1.4

8.3

The harvesting efficiencies before 5/23/17 from the temperature controlled experiments were
calculated from the harvested amounts and initial amounts (Table 9).
Table 9. The incremental (Inc) and cumulative (Cum) harvesting efficiencies for each experiment date with the
mean cumulative harvesting efficiencies are highlighted in yellow.
Experiment
Date
3/13/2017
3/28/2017
3/30/2017

Harvesting Efficiencies- Before 5/23
45 mins

90 mins

135 mins

Inc Cum Inc Cum Inc Cum
0.00 0.00 0.05 0.05 0.03 0.08
0.00 0.00 0.48 0.48 0.31 0.78
0.00 0.00 0.30 0.30 0.12 0.42

180 mins
Inc Cum
0.09 0.16
0.00 0.78
0.00 0.42

4/24/2017

0.00 0.00 0.59 0.59 0.08 0.67 0.00
0.00 0.00 0.66 0.66 0.09 0.75 0.00
0.00 0.00 0.00 0.00 0.20 0.20 0.02
0.00 0.00 0.46 0.46 0.02 0.48 0.00

4/28/2017

0.00 0.00 0.60 0.60 0.03 0.63 0.00 0.63

4/29/2017

0.02 0.02 0.58 0.60 0.01 0.60 0.00 0.60

Average

0.00 0.00 0.41 0.41 0.10 0.51 0.01 0.52

4/4/2017
4/11/2017
4/13/2017

0.67
0.75
0.22
0.48

Std Error (+/-) 0.00 0.00 0.08 0.08 0.03 0.08 0.01 0.07
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The mean cumulative harvesting efficiencies were plotted along with the average temperature
recorded at each Vernier temperature probe throughout all nine experiments (Figure 48).

Figure 48. Mean cumulative harvesting efficiencies and average temperature plotted versus time for the temperature
controller set to 40oC for experiments before 5/23/17.

The initial amount of worms in the harvester and the incremental and cumulative harvested
amounts of worms from the temperature controlled experiments on 5/23/17 and all experiments
after were recorded for each time increment (Table 10).
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Table 10. The initial, incremental (Inc), and cumulative (Cum) harvested amounts (in grams) of worms for
harvesting experiments on 5/23/17 and after for each time increment.
Experiment
Date

Harvested Amounts (g)- 5/23 and After
45 mins

Initial
Amount (g)

Inc

5/23/2017

14.6

5/25/2017

15.3

5/31/2017

90 mins
Inc

0.5

Cum
0.5

0.5

0.5

14.5

0.5

6/1/2017

11.5

6/6/2017

6.9

6/8/2017

135 mins
Inc

9.7

Cum
10.2

13.4

13.8

0.5

9.2

0.0

0.0

0.0

0.0

12.3

0.0

Averages

12.5

Std Error (+/-)

1.3

180 mins
Inc

0.2

Cum
10.4

0.0

Cum
10.4

0.4

14.2

0.0

14.2

9.7

1.2

10.9

0.3

11.2

0.1

0.1

11.1

11.2

0.0

11.2

1.1

1.1

4.1

5.2

0.3

5.5

0.0

0.3

0.3

8.7

9.0

0.2

9.1

0.2

0.2

5.6

5.9

4.3

10.1

0.1

10.3

0.1

0.1

2.4

2.5

1.9

1.2

0.1

1.2

The incremental and cumulative harvesting efficiencies from temperature controlled harvest
experiments conducted on 5/23/17 and after were calculated from the initial and harvested
amounts (Table 11).
Table 11. The incremental (Inc) and cumulative (Cum) harvesting efficiencies for each experiment date with the
mean cumulative harvesting efficiencies are highlighted in yellow.
Experiment
Date

Harvesting Efficiencies- 5/23 and After
45 mins
Inc

90 mins

Inc

180 mins

0.03

Cum
0.03

0.66

Cum
0.70

0.01

Cum
0.71

0.00

Cum
0.71

5/25/2017

0.03

0.03

0.87

0.90

0.03

0.93

0.00

0.93

5/31/2017

0.03

0.03

0.63

0.67

0.08

0.75

0.02

0.77

6/1/2017

0.00

0.00

0.01

0.01

0.96

0.97

0.00

0.97

6/6/2017

0.00

0.00

0.15

0.15

0.60

0.75

0.04

0.79

6/8/2017

0.00

0.00

0.02

0.02

0.70

0.73

0.01

0.74

Averages

0.02

0.02

0.39

0.41

0.40

0.81

0.01

0.82

Std Error (+/-) 0.01

0.01

0.15

0.16

0.17

0.05

0.01

0.04

5/23/2017

Inc

135 mins

Inc

The mean cumulative harvesting efficiencies were plotted along with the average temperature
recorded at each Vernier temperature probe for all experiments on and after 5/23/17 (Figure 49).
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Figure 49. Mean cumulative harvesting efficiencies and average temperature plotted versus time for the temperature
controller set to 40oC for experiments on 5/23/17 and after.

The percent of the total amount harvested at each time increment was calculated to show what
percentage of the final harvested amount of worms was harvested at a certain time increment
(Table 12).
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Table 12. The percent of the total harvest at each time increment is shown for each experiment date.

Experiment Date
3/13/2017
3/28/2017
3/30/2017
4/4/2017
4/11/2017
4/13/2017
4/24/2017
4/28/2017
4/29/2017
5/23/2017
5/25/2017
5/31/2017
6/1/2017
6/6/2017
6/8/2017
Average
Std Error (+/-)

Percent of Harvest- All Temp Controlled Experiments
45 mins
90 mins
135 mins
180 mins
0%
29%
47%
100%
0%
61%
100%
100%
0%
71%
100%
100%
0%
89%
100%
100%
0%
89%
100%
100%
0%
0%
90%
100%
0%
96%
100%
100%
0%
96%
100%
100%
2%
99%
100%
100%
0%
41%
56%
100%
0%
62%
100%
100%
0%
73%
100%
100%
0%
89%
100%
100%
0%
89%
100%
100%
0%
0%
90%
100%
0%
66%
92%
100%
0.2%
8.6%
4.4%
0.0%

The results of the ANOVA were assembled in tables for cumulative harvesting efficiencies from
experiments before 5/23/17 and experiments on 5/23/17 and after (Tables 13 and 14).
Table 13. JMP generated ANOVA statistics of cumulative harvesting efficiencies before 5/23/17.

Harvesting Efficiencies Before 5/23
Time
Increment

Mean

45 mins
90 mins
135 mins
180 mins

0.00
0.41
0.51
0.52

StdErr (+/-) StdDev (+/-) P-value
0.00
0.08
0.08
0.07

0.01
0.25
0.24
0.22

<0.0001
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Table 14. JMP generated ANOVA statistics of cumulative harvesting efficiencies for experiments on 5/23/17 and
after.

Harvesting Efficiencies 5/23 and After
Time
Increment
45 mins
90 mins
135 mins
180 mins

Mean
0.02
0.41
0.81
0.82

StdErr (+/-) StdDev (+/-) P-value
0.01
0.16
0.05
0.04

0.02
0.39
0.11
0.11

<0.0001

The results of the Student’s t test were assembled in tables for cumulative harvesting efficiencies
from experiments before 5/23/17 and experiments on 5/23/17 and after (Tables 15 and 16).
Table 15. JMP generated Student’s t statistics of cumulative harvesting efficiencies for experiments on 5/23/17 and
after. The p- values showing significance are highlighted in yellow.

Harvesting Efficiencies Before 5/23- Student's t test
Comparison of Time Increment
P- value
45-90
0.0002
45-135
<0.0001
45-180
<0.0001
90-135
0.3252
90-180
0.2693
135-180
0.9014
Table 16. JMP generated Student’s t statistics of cumulative harvesting efficiencies for experiments on 5/23/17 and
after. The p- values showing significance are highlighted in yellow.

Harvesting Efficiencies 5/23 and After- Student's t test
Comparison of Time Increment
P- value
45-90
0.0041
45-135
<0.0001
45-180
<0.0001
90-135
0.0038
90-180
0.003
135-180
0.9214
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The harvesting experiments with all three settings of the heating pad provided useful insight into
how worms were harvested. The mean cumulative harvesting efficiencies for setting 1 were
lower compared to settings 2 and 3, which both had similar mean cumulative harvesting
efficiencies (Tables 4-6; Figure 46). This could mean that the temperature profiles achieved by
Settings 2 and 3 were better for harvesting than Setting 1. Therefore, the following temperature
controlled experiments used a temperature controller to control the heating pad to create a
temperature profiles similar to settings 2 and 3 (Figure 46).
The 35oC temperature controlled experiment produced a very low 180 minute cumulative
harvesting efficiency of 0.18 (Figure 47). The increase in the temperature setting to 40oC on the
Inkbird temperature controller prior to 5/23/17 resulted in significantly greater harvesting
efficiency at 90 minutes or longer compared to only a 45 minute interval (p≤0.0002; Tables 9
and 15). Under this scenario, the 180 minute mean cumulative harvesting efficiency was 0.52
(Table 9; Figure 48), which was very close to the total cumulative harvesting efficiency of the
setting 1 experiments (Figure 46). The harvesting experiments on 5/23/17 and after produced a
180 minute mean cumulative harvesting efficiency of 0.82 (Table 11; Figure 49), which was a
57.7% increase on the 180 minute harvesting efficiency of 0.52 from the temperature controlled
harvesting experiments before 5/23/17, and a 32.3% increase on the 180 minute harvesting
efficiency from the setting 2 harvesting experiments. This showed that lightly pressing the
Inkbird temperature probe a distance of one diameter (3 mm) into the soil greatly improved the
180 minute mean harvesting efficiency.
The harvesting experiments showed that the bottom of the soil needed to reach 30oC for worms
to be harvested effectively (Figures 47-49). The harvesting experiments with the highest average
temperature at the top and bottom of the harvester were the experiments conducted on 5/23/17
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and after (Figure 49). It was interesting to see that the greatest 180 minute mean harvesting
efficiencies were observed when average temperatures within the soil were at least 30oC (Figure
49). It would seem that this contradicts Ivleva’s (1973) observations of worms fleeing 25oC, but
the heterogeneous nature of the soil could mean that heat is transferring at different rates at
different locations in the soil. Even though the temperature probe may be reading 25oC, the soil a
few centimeters away may be only 23oC.
On average, 92% of the total amount harvested from the temperature controlled harvesting
experiments was harvested at 135 minutes for all of the 40oC temperature controlled
experiments. Of all 15 of the temperature controlled harvesting experiments, 11 of them had
100% of the total harvest at 135 minutes (Table 12). Harvesting efficiencies were affected by
time increment (p<0.0001; Tables 13 and 14). Results from the Student’s t test for experiments
on and after 5/23/17, showed that all time increments were statistically significant compared to
each other, except for time increments 135 minutes and 180 minutes (p=0.9214; Table 16). This
indicates that there is no significant change in cumulative harvesting efficiency between 135
minutes and 180 minutes. From these results, it was determined for commercial harvest that the
heating pad should be shut off after 135 minutes of harvesting. This would allow the vast
majority of the worms in the soil to be harvested while exposing the eggs to harmful
temperatures for the least amount of time.
Adding insulation and/or an aluminum sheet to the harvester did not significantly increase its
cumulative harvesting efficiency of white worms (p=0.178; Table 17), even though it appeared
harvesting efficiency was greatest with the addition of the aluminum sheet.
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Table 17. The harvesting efficiencies at 180 minutes for each modification set up is shown with ANOVA statistics.

Set Up Cum Harv Eff
No Mods
0.70
No Mods
0.72
No Mods
0.63
Ins
0.58
Ins
0.69
Ins
0.86
Al sheet
0.83
Al sheet
0.83
Al sheet
0.79
All Mods
0.71
All Mods
0.93
All Mods
0.77
All Mods
0.97
All Mods
0.79
All Mods
0.74

Mean

StdErr (+/-) StdDev (+/-) P-value

0.68

0.03

0.05

0.71

0.08

0.14

0.82

0.02

0.03

0.82

0.04

0.11

0.18

Of the modifications tested, adding insulation resulted in the highest harvesting efficiciency
variability (Table 17); it is possible that more trials would have produced more conclusive
results.
None of the vibration experiments harvested any worms nor were any worms observed
attempting to flee the soil on the surface. No further vibration experiments were conducted as it
was determined vibration within the frequencies of 1.45MHz to 20Hz did not harvest worms out
of the soil.
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IV.4 Summary
From the initial harvesting experiments using the manufacturer’s settings of the heating pad, 0.62
was the greatest 180 minute mean cumulative harvesting efficiency using setting 2; this was not
improved upon using the temperature controller set at 40oC before 5/23/17. However, after
5/23/17, the 180 minutes mean cumulative harvesting efficiency using setting 2 of the
manufacturer’s controls was increased 32.3% to 0.82 by securing the Inkbird temperature probe
3 mm deep in the soil so that the soil temperature was measured more accurately. Though not
statistically significant compared to other modifications, adding aluminum sheet to the harvester
seemed to increase harvesting efficiency, producing a 180 minute mean cumulative harvesting
efficiency of 0.82. The insulation was not removed from the harvester design because the 180
minute mean cumulative harvesting efficiency of the harvester with the aluminum sheet and
insulation was 0.82. Based on the relatively low variability in mean cumulative harvesting
efficiency at 135 minutes, and the lack of a significant increase in mean cumulative harvesting
efficiency between 135 and 180 minutes, the recommended settings for commercial harvest of
white worms using the Inkbird temperature controller are 40oC for 135 minutes.
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CHAPTER FIVE
SUMMARY
V.1 Future Work
If white worm harvesting is to be done on a commercial scale, the area of the harvester could be
increased to accommodate a larger heating pad, so that more worms can be harvested from a
single harvester. The materials used for the harvester design were inexpensive, so building more
harvesters would pay off quickly, depending on the price of worms. More worm cultures would
need to be cultivated so that there is an ample supply of cultures to harvest from. This would
allow for cultures that were recently harvested to have enough time to repopulate the soil
because there are many other cultures to harvest from. If the entire culture is to be harvested
from, more live worms would need to be placed in the soil to help repopulate the culture after
harvesting. Cultivating more cultures would be low cost as the only materials needed would be
potting soil, plastic containers, and spent brewing grain, which can be obtained from a local
brewery for free.
The harvester design that was tested in this study was not built with the funnel underneath as
originally designed for Option 2 (Figure 14). If the harvester design is to be used for commercial
applications, the funnel, with a valve at the spout, should be filled with water and situated
underneath the harvester. White worms have been observed to sink to the bottom in water and
group together (Ivleva 1973), so the funnel would exploit this property of the worms so that the
valve can be opened to fill a container underneath with worms and water.
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V.2 Conclusion
This project addressed the need for a cost effective and time efficient method to harvest white
worms from the soil in which they are cultivated. Analytical and experimental methods were
used to design a harvester that would harvest the greatest amount of worms, using heat, without
allowing the soil to reach harmful temperatures. A harvester design was constructed and tested to
improve worm harvesting at UNH by increasing the amount of worms harvested in a certain time
frame. Harvesting experiments were conducted to determine exactly how efficient the harvester
design was at producing worms in the shortest amount of time possible. Modifications were
made to the design and experiments were conducted to evaluate their effectiveness in harvesting.
Vibration was tested as an alternative harvesting method to heat.
To gain an understanding of the temperature distribution in the soil, a preliminary harvester
design was built in SolidWorks and a thermal simulation was run to model the heat transfer
through the soil. The results of the thermal simulation showed that the soil would reach
harvestable temperatures, but would also reach harmful temperatures for the worms. Soil
experiments were conducted to measure the heat transfer through actual soil that was used for
worm cultivation. From the results of the soil experiments, it was determined that the depth of
soil to harvest from would be 2 cm. To finalize the design, different size screens were tested to
determine which would be optimal for worm harvesting. The 2.5 mm screen opening was
chosen, as this yielded more worms and less soil compared the other screen tested. Three
possible harvester designs were proposed and the pros and cons of each were evaluated to
determine the most feasible and cost-effective option. Option 2 was chosen, and the harvester
was built with the previously mentioned parameters.
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Experiments were conducted on the harvester design with all three of the manufacturer’s settings
of the heating pad, and with custom temperature control, to evaluate the efficiency of the
harvester design. The experiments using the manufacturer’s setting of the heating pad showed
which temperatures in the soil could harvest worms, which resulted in selecting 40oC as the
recommended temperature setting for the temperature controller. After nine temperature
controlled experiments set to 40oC, the temperature probe on the temperature controller was
inserted a distance of one diameter of the probe into the soil so the entire temperature probe was
beneath the soil surface yielding a 57.7% increase in mean cumulative harvesting efficiency.
Compared to the highest mean cumulative harvesting efficiency using the manufacturer’s
settings of the heating pad, this modification increased the mean cumulative harvesting
efficiency of the temperature controlled experiments by 32.3%. Because of this, a mount was
secured to the aluminum sheet so that the temperature probe could be located a consistent
distance of 3 mm from the aluminum sheet and 3 mm in the soil. The percent of harvest results
showed that, on average, 92% of the total harvest was recorded at 135 minutes, which means for
commercial harvest, the heating pad only needs to be on for 135 minutes with the temperature
controller set at 40oC. This allows for good harvest of worms while minimizing the amount of
time the eggs in the soil are subjected to harmful temperatures.
Several modifications to the design were tested to evaluate how effective each modification was
in increasing harvesting efficiency. Although there was no significance between any of the
modifications, the aluminum sheet and the aluminum sheet plus the insulation yielded the highest
harvesting efficiency of 0.82 suggesting that of all of the modifications, the aluminum sheet was
the most helpful in improving harvesting efficiency. Vibration through the soil was tested as an
alternative to heat with no success, as 12 different frequencies, ranging from 20 Hz to 1.45MHz
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were transmitted through the screen into the soil for at least 20 minutes each with no worms
harvested.
The harvester design improved upon the previous UNH methods by decreasing the thickness of
the soil layer so that white worms can be harvested in a set time period and so the eggs are not
exposed to harmful temperatures for as long. The temperature controller also improved
harvesting efficiency using an aluminum sheet, and a screen underneath the soil effectively held
the soil while allowing the worms to move through. These improved harvesting methods could
be scaled up commercially with minimal cost, which could allow white worms production to
increase for use as a quality alternative feed source for aquaculture.
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